A few dozen dwarf satellite galaxies of the Milky Way have been discovered, which are often viewed as the remaining building blocks of our Galaxy. The follow-up spectroscopy showed that dwarf galaxies have a sizeable spread in their metallicities. Several scenarios were suggested to explain the metallicity spread, which can be tested by the structural patterns of stellar subpopulations with distinct metallicities. However, such chemical plus structural examination, to which we refer to as "chemostructural study" is hindered by the lack of stars with spectroscopic metallicity. Here we propose the Ca-by photometry as an alternative way to secure metallicities for a 2-3 orders of magnitude larger stellar sample than the spectroscopic sample and thus enable us to perform a chemostructural study on dwarf galaxies. In particular, we use the hk index [≡ (Ca−b) − (b − y)], whose validity as a photometric metallicity indicator (and crass insensitivity to age) for red-giant-branch stars was upheld via Galactic globular clusters, and observe three dwarf spheroidal galaxies-Draco, Sextans, and Canes Venatici I (CVnI)-with Subaru/Suprime-Cam. We find that in all the galaxies the metal-rich stellar populations are more centrally concentrated than the metal-poor counterparts, suggesting that the central regions of the galaxies underwent extended star formation. Such a negative radial metallicity gradient for Sextans and CVnI opposes to the traditional spectroscopic results. We also find that their metallicity distribution functions (MDFs) can be characterized by a unimodal, skewed Gaussian shape with a metal-rich peak and a metal-poor tail. We discuss their features in the chemostructure and MDF in terms of dwarf galaxy formation theories.
INTRODUCTION
In a Λ cold dark matter universe, galaxies formed as part of the local overdensity in the matter distribution (e.g., Blumenthal et al. 1982; Peebles 1982) . Galaxies are created via the agglomeration of numerous small protogalaxies as basic building blocks (e.g., Searle & Zinn 1978; Font et al. 2011) . Many of such protogalaxies can escape from takeover by bigger galaxies and then develop independently into present-day dwarf galaxies. Hence, dwarf satellites around large galaxies are living fossils, containing key information on how galaxies form and evolve (e.g., Ricotti & Gnedin 2005) .
Spectroscopic observations of dwarf spheroidal galaxies (dSphs) revealed sizable metallicity spreads among their constituent stars (Kirby et al. 2008 (Kirby et al. , 2011a Norris et al. 2008 ).
The observed internal abundance inhomogeneity in dSphs can be produced by the following two mechanisms: (a) If the dSphs were able to keep their gas against their earliest supernova explosions, the gas could turn into stars with higher metallicity than the first generations. In this case, the newer stars are expected to be centrally concentrated within galaxies, leading to a rather strong radial gradient in metallicity. (b) If dSphs were made by the agglomeration of even smaller progenitors (i.e., protodwarfs), the merger-induced star formation and accompanying chemical enrichment can cause abundance inhomogeneity. In this case, the radial gradient in metallicity is expected to be weak. For a better understanding of the chemical enrichment history in dSphs, examining the structural feature of stellar populations as a function of metallicity is needed.
This notion calls for an examination on the dSph structural complexity as a function of metallicity, which we refer to as a "chemostructural study." Obviously, the main obstacle to such a chemostructural study is the lack of stars with spectroscopic metallicities, and the presence of the possi- ble chemostructural pattern across dSphs could be severely hampered by the small number statistics. In order to overcome this drawback, we use the Ca filter, designed to measure Ca II H and K lines, as an alternative way to obtain stellar metallicity for a much larger sample than spectroscopy (e.g., Anthony- Twarog et al. 1991 Twarog et al. , 1995 Baird 1996; Rey et al. 2000; J.-W. Lee et al. 2009; Calamida et al. 2007 Calamida et al. , 2011 Y.-W. Lee et al. 2013) . Recent studies of Milky Way globular clusters (MWGCs) show that the Ca filter in the hk index [≡ (Ca−b) − (b − y)] is very sensitive to the abundance of calcium Lim et al. 2015) . Hence, the hk index can be a powerful photometric metallicity discriminator. It is important to note that calcium can be supplied mostly by SNe II (Timmes et al. 1995) , in contrast to the lighter elements that can be increased by dredge-up and/or pollution from the intermediatemass asymptotic-giant-branch stars. Therefore, the hk index enables us to investigate primordial chemical inhomogeneity avoiding the influences by subsequent galactic evolution that produces the lighter elements.
To expand the new cost-effective technique, already confirmed for MWGCs, to Galactic companions, we obtained Subaru/Suprime-Cam Ca−by photometry for Draco, Sextans, and Canes Venatici I (CVnI). The Draco dSph was first discovered on the Palomar Observatory Sky Survey in 1955 (Wilson 1955) . It is located 76 kpc away from the Galactic center and its stellar mass is 2.9 × 10 5 M (McConnachie 2012). In contrast to the early-discovered Draco, Sextans was recently found and classified into classical dSphs (Irwin et al. 1990 ). It is located 86 kpc away from the Galactic center, occupying a large area on the sky (r h = 695 pc) with very low surface brightness (µ V = 27.1 mag/ ) similar to that of ultra-faint dwarf galaxies (UFDs; McConnachie 2012). Its stellar mass is 4.4 × 10 5 M . CVnI was found as stellar overdensity from SDSS data release 5 (Zucker et al. 2006 ) and classified as one of the brightest UFDs. It lies at a distance of 218 kpc from the Galactic center and its stellar mass is 2.3 × 10 5 M (McConnachie 2012).
All these dSphs harbor relatively metal-poor, old stellar populations as evidenced by their color−magnitude diagrams (CMDs) such as the steep red-giant-branch (RGB) slope, the well-developed horizontal-branches (HBs), and the magnitude difference between HB and main-sequence turn-off. The rich population of RR Lyrae variables also indicates the presence of old stellar populations since the RR Lyrae stars are good tracers for metal-poor, old stellar populations. Although the majority of stars are metal-poor, the wide spread in abundance is reported from spectroscopic studies (e.g. Kirby et al. 2010) . The inhomogeneity in abundance holds for even heavy elements such as Fe, Ca, which can be products of supernova explosions. Hence, the study of "chemostructural" property for these dSphs will give us clues to understanding the early phase of the evolution for the galaxies.
In this series of papers, we will explore the chemostructural features and stellar populations in dSphs using a large sample of stars with known metallicities obtained from our Ca−by photometry. The galaxies of interest include Draco, Sextans, CVnI, Sculptor, and Fornax. This is the first paper to reassure an advantage of the Ca filter and the hk index and to present the structural features as a function of stellar metallicity in Draco, Sextans, and CVnI. This paper is organized as follows. In Section 2, we present details on the observation, data reduction, and the characteristics of the Ca filter. Section 3 describes the CMDs and data analysis. We divide RGB stars into two groups, metal-poor and metal-rich, based on the hk index and investigate spatial distributions of two different metallicity groups in Section 4. The summary and discussion are given in Section 5.
OBSERVATION AND DATA REDUCTION
We have performed photometric observations with the Suprime-Cam on the Subaru telescope using the Ca, b, and y filters during the three observing runs from 2012 December to 2015 April for three dwarf galaxies, Draco, Sextans, and CVnI. The Suprime-Cam provides a 34 × 27 field of view with a pixel scale of 0. 2 and consists of 10 (5×2 array) 2k × 4k CCDs (Miyazaki et al. 2002) . The observational details are summarized in Table 1 .
The raw data were preprocessed by SDFRED 1 and SD-FRED 2, a semiautomated pipeline software for Suprime-Cam (Yagi et al. 2002; Ouchi et al. 2004 ). All images were bias-subtracted, trimmed, and flat-fielded in the same manner as single chip reduction. The master flat frames for each filter were obtained from the median combination of the object images. The distortion by a fast focus (f/2.0) was corrected with fourth-order polynomial fitting. The pointspread-function (PSF) size of all frames were equalized to have a common FWHM value through Gaussian smoothing before coadding. The interpolated sky counts of 12. 8 × 12. 8 meshes were used to subtract the sky background. While the frames were combining, the relative position and throughputs among frames were adjusted using the calculation from the common stars. We then obtained combined images for each filter. Figure 1 presents examples of the combined y-band images for the three dSphs.
We detected point sources from the combined images using DAOPHOT/ALLSTAR (Stetson 1987) to make an input star list for ALLFRAME (Stetson 1994) . The PSF models were constructed for all individual images by DAOPHOT using the best-matched analytic approximation. Due to the large field of view, the PSF models vary quadratically in the frames. We performed PSF photometry for all individual images simultaneously using ALLFRAME. Then, the point sources were matched up by DAOMATCH/DAOMASTER (Stetson 1993 ) and the aperture corrections were applied using DAOGROW (Stetson 1990 ).
The instrumental Ca, b, and y magnitudes were converted to the standard system using the MWGCs M5 and M15 be- cause the standard stars are too bright for the Suprime-Cam. These GCs were observed with the du Pont 2.5 m telescope using the same new Ca-by filter set and transformed to the standard Ca-by photometric system. In order to cali- brate the new Ca filter on the du Pont telescope to the standard Ca magnitude system (Anthony- Twarog et al. 1991) , not only Ca-by standard stars (Anthony- Twarog et al. 1991; Anthony-Twarog & Twarog 1998) but also open clusters such as NGC 3680, NGC 6253, and NGC 5822 were used (Twarog et al. 2003; Anthony-Twarog & Twarog 2004; Carraro et al. 2011 ). The astrometric standard stars in the USNO B1 catalog were used to compute the astrometric solutions (Monet et al. 2003) . The typical rms of the astrometric solutions is at the level of 0. 2. Galactic extinction for each star in the three dSphs was corrected based on the dust map from Schlafly & Finkbeiner (2011) and the extinction law provided by Cardelli et al. (1989) . To minimize nonstellar objects, we use the CHI and SHARP parameters from DAOPHOT (Figure 2) . The magnitudes and errors for Ca, b, and y filters are given in Table 2 (Draco), Table 3 (Sextans), and Table 4 (CVnI).
To improve the photometric quality and galaxy member star selection accuracy using multiband photometry, we reprocess the additional V and I images from the Subaru archive. The archival V -and I-band images for Draco (S. Okamoto 2020, in preparation), Sextans (Okamoto et al. 2017) , and CVnI (Okamoto et al. 2012) , taken between 2005 and 2008, were reanalyzed in the same manner as our Ca-by reduction. The V and I magnitudes were calibrated against the standard star catalog provided by Stetson (2000) . The number of stars presented in our study is less than that in other studies using the same data sets in Okamoto et al. (2012) for CVnI, Okamoto et al. (2017) for Sextans, and S. Okamoto et al. (2020, in preparation) for Draco because the V and I images overlapped with Ca photometry are reprocessed.
The original Ca filter was centered at 3995 Å with an FWHM of approximately 90 Å and designed to measure the Ca II H and K lines (Anthony- Twarog et al. 1991) . Since the blue wing of the filter is close to the strong CN band at 3883 Å, we modified the Ca filter to avoid possible CN contamination and best measure the calcium abundances (Y.-W. Lee et al. 2013) . The blue wing of the modified filter is slightly moved toward the longer wavelength and has a narrower FWHM (76 Å) with steeper wings in both blue and red compared to the original Ca filter. Therefore, the modified filter is practically measuring ionized calcium H and K lines traditionally used to calibrate the metallicity scale for MWGCs. This modified Ca filter has been used for our survey of MWGCs and dwarf galaxies. The hk index is confirmed to detect a small difference in calcium abundance for RGB stars of MWGCs (Y.-W. Lee et al. 2013; Han et al. 2015; Lim et al. 2015) , and this study applies for the first time the scheme to external dwarf galaxies. Figure 3 shows the CMDs of Draco (upper), Sextans (middle), and CVnI (bottom). From the left column to the right, the V versus V − I, y versus b − y, and y versus hk CMDs are presented. The gray dots are possible nonstellar objects selected by DAOPHOT parameters (CHI and SHARP). In order to quantify the degree of the metallicity spread among RGB stars in the dSphs, we overlaid the Y 2 isochrones (version 3; Yi et al. 2008 ) on the observed CMDs in Figure 4 . We use the isochrones of 12.5 Gyr with [Fe/H] = −3.25, −2.75, −2.25, −1.75, and −1.50. The α-element enhancement is applied following the abundance trend found in the three color−temperature relations given by Castelli 2 based on AT-LAS9 models (Castelli & Kurucz 2006 As shown in Figure 3 , the Galactic field stars coincide with the RGB sequence of the galaxies for V − I and b − y colors. For a better selection of member RGB stars and minimiza- tion of Galactic field star contamination, we take advantage of the Ca filter characteristics: the field stars that are usually more metal-rich have much larger hk indices than the galaxies' member RGB stars. This is because the hk index is more sensitive to the metallicity than the other two colors. Using such property of the hk index, the member RGB stars are determined in the following process. We first match the isochrones on the observed CMDs considering the overall shape from the main sequence to the RGB for V − I, b − y, and hk (Figure 4) . Then, we define the blue (red) boundary as 0.05 mag bluer (redder) than the most metal-poor (metalrich) isochrone ( Figure 5 ). The quantity, 0.05 mag in V − I, b − y, and hk, is three times the typical photometric error for RGB stars at the HB level. The stars enclosed by the blue and red boundaries of V − I, b − y, and hk in common are selected as member RGB stars of the galaxies.
THE COLOR−MAGNITUDE DIAGRAMS
To verify the feasibility of the hk index as a metallicity indicator, we compare our Ca−by photometry and the spectroscopic metallicity data in the literature (Kirby et al. 2010 ). In the left panels of Figure 6 , the bigger (smaller) dots de- note the spectroscopic samples with small (large) errors. The hk index of a star gets redder as its metallicity gets higher at a given magnitude. We define [Fe/H] iso as the metallicity through interpolation (or extrapolation if needed) between two enveloping isochrones at the corresponding y magnitude. In the middle panels, the RGB slope is verticalized by using [Fe/H] iso . In the right panels, [Fe/H] iso positively correlates with spectroscopic [Fe/H] ([Fe/H] spec ; Kirby et al. 2010) . The strong correlation ensures that [Fe/H] iso can be used as a photometric metallicity indicator.
The origin of the differences in slopes in the [Fe/H] iso versus [Fe/H] spec plots of the three dSphs is not clear yet and to be investigated further with better calibrations between the photometric and spectroscopic metallicity measures (see Section 5). As for the photometric accuracy, aside from the observational uncertainties, some intrinsic characteristics may contribute to the dispersion of photometric metallicity, [Fe/H] iso . The chromospheric emission in the Ca II K line makes the hk index smaller (Anthony- Twarog & Twarog 1998) . Also, the Bond-Neff opacity affected stars Figure 8 . Spatial distribution of the metal-poor (left) and the metal-rich (center) RGB stars and the radial cumulative curves (right) for Draco (top), Sextans (middle), and CVnI (bottom). Left and middle panels: the RGB stars are divided into two groups, metal-poor (left; blue dots) and metal-rich (center; red dots). Each group has a similar numbers of stars. The background density plots and the overlaid contour plots are created by applying kernel density estimation (see the text). Right panels: the solid blue and red lines are, respectively, for the bluer and redder RGB stars defined by the hk index. The dashed blue and red lines are, respectively, for the bluer and redder RGB stars defined by the V − I color. The cumulative distributions show that the redder RGB stars are more concentrated centrally than the bluer RGB stars. The redder RGB stars in the V − I color (dashed lines) are weaker than those in the hk index (solid lines). The p-value in the right panels denotes the KS probability, giving a significance of being equal.
show broad absorption at ∼4000 Å, making the hk index greater (Bond & Neff 1969; Anthony-Twarog et al. 1995; Calamida et al. 2011) .
In Figure 7 , we plot the CMDs (left panels) and the verticalized CMDs (middle panels) for V − I using the same method for the hk index to check whether the metallicity derived from the V − I isochrones ([Fe/H] iso(VI) ) can be used to discriminate between metal-poor and metal-rich RGB stars. In the right panels, the correlation between [Fe/H] iso(VI) and the spectroscopic metallicity is too weak. Hence, the two RGB groups divided in the [Fe/H] iso(VI) are most likely crosscontaminated with each other and cannot represent the different metallicity groups. The comparison of metallicitydiscriminating powers between hk and V − I will be further discussed in Section 4. The structural parameters such as the center coordinate, half-light radius, position angle, and ellipticity are obtained from McConnachie (2012) . The equatorial spherical coordinates (α and δ) of all objects in the observed fields are transformed to the rectangular coordinates (ξ and η). In order to make its major axis to be parallel to the x-axis (ξ ) and its minor axis to be parallel to the y-axis (η ), we rotate each dSph according to the position angle. The radial distance of each star is corrected to the major-axis scale considering the ellipticity. The background gray-scale density maps and blue and red contours are generated by applying the kernel density estimate (KDE) method smoothed with Silverman's rule-ofthumb bandwidth (Silverman 1986; Gouliermis et al. 2014; Seleznev 2016) . The KDE method can effectively reduce the bias of the binning parameters when constructing histograms.
In our observed area of Draco, the metal-rich stars (top center panel of Figure 8 ) are more centrally concentrated than the metal-poor stars (top left). We also find that the density peaks in both panels show a slight offset from the galaxy center, suggesting different formation sites between the metalpoor and metal-rich stars. The upper right panel shows the cumulative distributions for two RGB groups based on the hk index (solid lines) and the V − I colors (dashed lines). We performed a Kolmogorov−Smirnov (KS) test to verify whether the distributions of the two groups are different or not. The probability value (p-value) for the two hk-based RGB groups is 0.0003, which is significant at the 0.01 level, and the pvalue for the V − I based groups is 0.63, which is not significant.
The center panels of Figure 8 show the spatial distributions and the cumulative distributions of the two RGB groups in Sextans dSph. Due to the larger size of Sextans (r h = 27 ) compared to that of Draco (r h = 10 ), these panels enclose the inner region. Albeit weaker than Draco, the distribution of the metal-rich stars in Sextans is slightly more compact than that of the metal-poor stars. We note that the metal-poor stars show a curious feature, a strong peak at about 7. 7 from the center in the minor-axis direction. The peaks of the two populations are apart 8 from each other. The possible origin of this off-centered overdensity of the metal-poor stars was discussed as a disrupted star cluster in a separate paper (Kim et al. 2019) . The cumulative distributions for Sextans show a weaker separation between the two RGB groups based on hk, compared to Draco and CVnI. This is mostly due to, as mentioned above, the larger physical size of Sextans than the other two dSphs and thus we observed the relatively inner region. To quantify the difference between the RGB groups, we performed the KS test and obtained the p-value is 0.080 significant at the 0.1 level. The p-value for the two groups based on V − I is 0.14, which is less significant.
Same as Draco and Sextans, we plot the spatial distributions of two RGB groups of CVnI in the bottom panels of Figure 8 . The metal-rich RGB stars show more concentra- tion at the center than the metal-poor stars, and the highestdensity peaks of two groups in the contour maps are separated from each other. As well as the contour maps, the cumulative curves indicate the central concentration of the metal-rich RGB stars. The p-value for the two groups based on hk is 0.019, which is significant at the 0.05 level. The pvalue based on V − I is 0.18, consistent with the fact that the V − I color is not a suitable tool for diving metallicity groups.
Stellar Radial Distributions and Metallicity Distribution Functions (MDFs)
The left panels of Figure 9 Figure 6) . The mean values of [Fe/H] hk at given radius bins (green circles) decrease with the distance from the center. Our hk-based investigation finds the negative correlation between the metallicity and galactocentric distance for all three dSphs, whereas previous spectroscopy found a negative correlation for Draco, a positive correlation for Sextans, and no correlation for CVnI (Kirby et al. 2011b) .
For Sextans, the distribution of the spectroscopic target stars along the major axis (Kirby et al. 2010 ) would cause the positive correlation. As shown in the middle center panel of Figure 8 and Figure 3 of Kim et al. (2019) , the metal-rich stars distribute along the major axis and this non-isotropic distribution makes the metallicity gradient in the major-axis direction weaker than that in the minor-axis direction. Hence, the positive slope of Sextans in spectroscopy opposing to our result is most likely due to the sample selection effect together with the smaller sample size. For CVnI, nearly flat correlation shown from spectroscopy is possibly due to its large distance of the object, which makes the observational errors larger. We speculate that the low brightness of the object combined with the small sample size weakens the negative correlation in CVnI. The wide-field V I photometry by Okamoto et al. (2012) and Okamoto et al. (2017) showed that the red HB stars are more concentrated than blue HB stars for Sextants and CVnI, respectively. If the red HB stars are more metal-rich, this suggests the presence of a negative metallicity gradient, consistent with our results.
On the other hand, the right column of Figure 9 shows the metallicity distribution functions (MDFs) for the three dSphs. The spectroscopic MDFs using data from Kirby et al. (2010) are plotted as red solid lines for comparison. The typical dSph MDFs are characterized by a metal-rich peak with a metal-poor tail. CVnI has a wider distribution than Draco and Sextans due to the larger photometric errors and the steeper correlation between the [Fe/H] iso and [Fe/H] spec ( Figure 6 ). The MDF shape indicates a virtually continuous chemical enrichment with a relatively short timescale. Indeed, the unimodal, skewed MDFs arise naturally in an aggregate of a large number of protogalactic gas clouds from its virtually continuous chemical evolution through many successive rounds of star formation (e.g., Yoon et al. 2011; Chiosi et al. 2014 ).
SUMMARY AND DISCUSSION
We have shown that the hk index is correlated with the spectroscopic abundances and can be used as a photometric metallicity indicator. The sensitivity of the hk index on the metallicity has been utilized to divide the RGB stars into two groups, metal-poor and metal-rich, to examine the spatial distributions of the different metallicity groups for the three dSphs, Draco, Sextans, and CVnI. We have found the presence of the central concentration of metal-rich stars for the three galaxies. Previous studies found the metallicity gradi-ent in some dSphs using a smaller number of spectroscopic RGB stars and photometric HB stars (Harbeck et al. 2001; Tolstoy et al. 2004; Battaglia et al. 2006 Battaglia et al. , 2011 Kawata et al. 2006; Koch et al. 2006; Kirby et al. 2011b; Okamoto et al. 2012 Okamoto et al. , 2017 . Our results confirm the presence of the internal metallicity gradient in the three dSphs, using an even larger number of photometric RGB stars.
To explain the radial metallicity gradient, previous studies suggested several possible mechanisms, such as rampressure stripping, gas density, and angular momentum (Kirby et al. 2011b; Battaglia et al. 2014) . (1) The ram pressure stripping effectively removes the gas in the outer part that is more loosely bound than the gas that lies inside (Silk 1978) . The later-generation stars formed closer to the center from the more metal-rich gas as the gas expelled from outside to inside. Thus, this process makes the metallicity gradient with the metal-rich central part.
(2) The gas density is higher in the center of a galaxy where the gravitational potential well is deeper. As gas density is higher, the star formation is increasing (Kennicutt 1983) . As a consequence, the metallicity in the central region would be higher than in the outer part. (3) The higher angular momentum slows down the gas accretion into the galaxy center (Schroyen et al. 2011) . This process keeps the low-metallicity gas in the outer part of the galaxy from flowing into the center. Thus, the metal-poor stars were formed at the larger radii. For (1) and (2) above, the metallicity gradient is interpreted as the inner region experiencing more extended star formation than the outer region. For (3), it is vice versa. Regardless of the origin of the internal metallicity gradient, the difference in the center positions of the metal-poor and the metal-rich populations supports their different formation epochs.
For a better understanding of the chemical evolution in dSphs, it is needed to use consistent metallicity scales with other studies. Due to their proxy, the MW clusters, globular and open, have much more abundant spectroscopic data than dSphs in the literature. With our observational data on some 40 clusters, we are investigating the metallicity effect on the hk index in order to accurately transform our Ca-based photometric metallicity to the spectroscopic metallicity. Such empirical calibrations of the hk index to various stellar systems, such as monometallic GCs, multimetallic GC, and open clusters (e.g., Hilker 2000; Calamida et al. 2007) , are planned in our upcoming papers.
The advantage of the multicolor photometry, the metalsensitive hk index, and the age-sensitive V − I and b − y colors, combined with the theoretical models, allows better estimation of the age-metallicity relation in dSphs. In particular, once the metallicities of RGB sequences are fixed based on the metal-sensitive hk index, the age-sensitive V − I and b − y of subgiant branches can be used to determine upper and lower age limits of the oldest and youngest populations, respectively, by comparing population synthesis models. We will address this issue in our upcoming papers.
